Key Summary Points {#d30e348}
==================

Iron-deficiency anaemia in patients having elective surgery is associated with spending longer in hospital, an increase in the rate of blood transfusions, and higher mortality.In addition, receiving a red blood cell concentrate transfusion is associated with increased rates of illness, death, and length of stay in hospital.Using the patient blood management health economic model developed in this study, it was estimated that the implementation of preoperative anaemia measures in patients with iron-deficiency anaemia, undergoing elective surgery, would reduce the risk of death, length of hospital stay, and hospital costs.

Introduction {#Sec1}
============

Anaemia is defined as a reduced haemoglobin content of the blood or a lack of erythrocytes. According to the World Health Organization (WHO), anaemia, the thresholds for which were published in 1968 \[[@CR1]\], can be triggered by the following events: increased loss of erythrocytes (blood loss); reduced production of erythrocytes; increased destruction of erythrocytes; or an increased physiological need for erythrocytes \[[@CR2]\]. Anaemia is common in patients undergoing elective surgery; preoperative anaemia is detected in up to 40% of patients, with varying prevalence depending on the type of disease to be treated \[[@CR3]--[@CR7]\]. Iron-deficiency anaemia (IDA) is the most common type of preoperative anaemia, accounting for nearly two-thirds of cases globally \[[@CR8]\]. Preoperative anaemia is associated with patients experiencing an increased length of hospital stay, a more complicated course of hospital treatment, an increase in the rate of blood transfusions, and higher mortality \[[@CR3], [@CR9], [@CR10]\]. A growing number of studies have shown that receiving a red blood cell concentrate (RBC) transfusion, often used to treat anaemia, is associated in a dose-dependent relationship with increased morbidity, mortality, and length of hospital stay \[[@CR11]--[@CR17]\].

However, despite the known risks of anaemia and RBC transfusion, preoperative anaemia is still frequently ignored, with indiscriminate transfusion used as a 'quick fix'. Munoz et al*.* identified ten misconceptions that constitute serious barriers to the wider implementation of preoperative anaemia measures (PAMs) \[[@CR18]\]. Among these misconceptions were the following: preoperative anaemia may be caused by many conditions, some of which could be ameliorated or cured by the proposed surgery; preoperative anaemia poses no risk to patients, so scheduled procedures should not be delayed because of its presence; and the implementation of PAMs negatively impacts hospital personnel workload and is not cost-effective \[[@CR18]\]. It was concluded that these misconceptions should be immediately abandoned by healthcare providers and replaced by evidence-based strategies such as detection, diagnosis, and proper treatment of preoperative anaemia \[[@CR18]\].

The aim of this study was to estimate the potential clinical and health economic benefits of patient blood management (PBM) for patients undergoing elective surgery. A health economic model was developed to assess the impact of the implementation of one specific aspect of PBM, PAMs, in a large German population.

Patient Blood Management {#Sec2}
------------------------

PBM is a medical multidisciplinary approach to manage anaemia and is described in detail elsewhere \[[@CR19]\]. Briefly, PBM is a set of measures designed to minimise risk in the pre-, intra-, and post-operative setting. PBM seeks to achieve better patient outcomes by relying on the patient's own blood rather than on donor blood via transfusion; it achieves this by focussing on optimising erythrocyte mass, minimising blood loss and bleeding, and optimising physiological reserves to improve quality of care \[[@CR16]\]. PBM is of critical importance for patients with anaemia or iron deficiency who are undergoing elective surgery, especially when they commonly exhibit a high probability of significant blood loss or transfusion \[[@CR4], [@CR20]\]. PBM measures directly focus on reducing risk factors associated with anaemia, as these may have a negative effect on treatment outcomes. For patients undergoing elective surgery, this means that both morbidity and mortality risk can increase. A higher morbidity risk could mean, for example, exacerbation of a chronic disease and an overall longer hospital stay as a consequence. A higher risk of mortality may be the result of complications.

Preoperative Anaemia Measures {#Sec3}
-----------------------------

The benefits of PBM, including the implementation of PAMs (principally iron therapy), would be experienced by many stakeholders, most notably patients, hospitals, the outpatient sector, healthcare funding providers, and health policymakers. International and national guidelines recommend preoperative treatment of IDA and iron deficiency with iron as the standard of care \[[@CR4], [@CR21]--[@CR27]\]. PBM, including the use of PAMs and post-operative anaemia measures, have been shown to (1) shorten the length of hospital stay for patients undergoing emergency and elective surgery \[[@CR28]\], in patients having cardiac surgery \[[@CR29]\], major abdominal surgery \[[@CR30]\], elective surgery \[[@CR31]\], and hip and knee arthroplasty \[[@CR32]\]; (2) lower the rate of surgical complications \[[@CR28], [@CR29], [@CR31], [@CR33]\]; (3) reduce mortality \[[@CR28]\]; (4) reduce post-operative readmissions \[[@CR32]\]; and (5) reduce the number of blood transfusions \[[@CR28], [@CR30]--[@CR35]\]. Moreover, the economic benefits of PBM, including the use of PAMs, have been shown to (1) significantly reduce direct hospital costs of RBC transfusions per patient \[[@CR36], [@CR37]\]; (2) reduce overall hospital costs for patients undergoing hip and knee replacement surgery \[[@CR32], [@CR38]--[@CR40]\] and major abdominal surgery \[[@CR41]\]; (3) reduce costs to the healthcare system \[[@CR42], [@CR43]\]; and (4) improve patient safety by reducing surgical complications and mortality \[[@CR28]\].

German Inpatient Healthcare System {#Sec4}
----------------------------------

In the system described in this study, the implementation of PBM incorporating PAMs would be organized and remunerated via the German Diagnosis-Related Groups (DRG) flat-rate system. The amount of DRG reimbursement depends on the type of illness (diagnosis), and the type and severity of operation required. Consequently, for patients with minor illnesses a smaller amount of remuneration is provided than for patients with serious illnesses who require more extensive treatment. The reimbursement per patient is calculated on the basis of an estimated range of length of hospital stay. Within this range, the same flat rate is paid regardless of the length of stay. For patients with a significantly longer or shorter length of stay, surcharges or discounts are paid on proof of medical necessity.

Preoperative treatment of a patient with iron deficiency (PAMs) prior to elective surgery is performed either at an outpatient practice (which refers the patient to hospital) or in a hospital outpatient clinic. In both cases, remuneration of PAMs is currently not regulated by the legislator in Germany, which suggests that there may be underuse of therapy in this area.

Methods {#Sec5}
=======

Identification of Population of Interest {#Sec6}
----------------------------------------

Representative secondary data from the German database DRG Statistic for 2015 (DRG-Statistic 2015), made available for research purposes by the German Federal Statistical Office, was used to identify the population of interest for development of the PBM footprint model (RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]). The DRG-Statistic 2015 is an official and representative data set of the German DRG-based hospital statistics for the year 2015. Information from the database includes sociodemographic and clinical characteristics (e.g. International Classification of Disease \[ICD\] and operation and procedure key \[OPS; Operationen- und Prozedurenschlüssel\]) of patients plus reimbursement prices based on DRGs. Patients included in the database are aged 0 to 99+ years, and the data were restricted to 2015 only.

The DRG-Statistic 2015 included a complete survey of all DRG hospitals and thus all inpatients in Germany who were billed according to the DRG system. It did not include hospitals that did not bill according to DRG (e.g. purely private hospitals, accounting for approximately 550,000 patients).

Of the 18 million patients included in the DRG-Statistic database, a random 10% sample of data from approximately 1.87 million patients from the complete survey was extracted. More specifically, in this assessment IDA was defined as ICD-10 German modification codes D50.8 (other IDAs) and D50.9 (IDA unspecified). Patients were identified as having received a RBC transfusion if recorded in the database as OPS code 8-800.c (a German modification of the International Classification of Procedures in Medicine coding for medical procedures) \[[@CR45]\]. Using extrapolations of our own data and comparisons with other published results from the DRG-Statistic 2015, we can conclude that the 10% sample is highly representative (with a minimal deviation of generally less than 5%).

### Compliance with Ethics Guidelines {#Sec7}

As the data are secondary data, 'Guideline 1: Ethics' according to the recommendations of the 'AGENS' working group is applied for the analysis: "The recommendation to consult with an ethics committee need not apply to secondary data analyses, if all the data protection provisions on pseudo-anonymization of all personal data are fulfilled (see also Guideline 8) and no link to primary data is intended" \[[@CR46]\]. The fulfilment of data protection provisions on pseudo-anonymization of all personal data is controlled by the German Federal Statistical Office. See 'General terms of use' \[[@CR47]\] and 'Regulations on the analysis of microdata' \[[@CR48]\]. The German database DRG-Statistic 2015 is available for research purposes from the German Federal Statistical Office.

Health Economic Model {#Sec8}
---------------------

Simulations are widely used in economic research to analyse the characteristics and behaviour of an economy or its subsystems, for instance, the healthcare system \[[@CR49]\]. Economic simulation is intended to show the effects of health and economic policies by modelling socio-economic processes. In order to achieve this, the institutional and other conditions of the system to be analysed are changed. Microsimulation models have the benefit of having a large number of individual-level data that can be aggregated. If selected diagnoses, blood products used, outcomes, resulting effects, and correlations are to be analysed, it is essential to use individual level data. Large samples (*n* \> 1 million patients) can ultimately only be analysed by using microsimulation models, if the different individual characteristics are to be fully considered. Data from DRG-Statistic 2015 were consequently analysed using microsimulation methods in order to quantify the epidemiological and economic effects of PBM and the implementation of PAMs. The model described here is the output of a comprehensive microsimulation model known as the 'PBM footprint' model.

Rationale for Estimating Epidemiological and Economic Impact {#Sec9}
------------------------------------------------------------

### Methodology for Estimation of Relative Risks {#Sec10}

To calculate the epidemiological and economic impact, patients were divided into subgroups, e.g. subgroups with no, one or two risk factors (IDA and RBC transfusion) or subgroups with no or one risk factor and no or a (negative) endpoint (mortality). From this, 2 × 2 tables with subgroup patient numbers were quantified (frequencies), which were then used to calculate the relative risk (RR).

The following RRs were calculated: (1) the RR of a patient with IDA receiving a RBC transfusion; (2) the RR of mortality in those patients with IDA; and (3) the RR of mortality in patients who received a RBC transfusion.

To estimate the association between IDA and risk of receiving a RBC transfusion, the following equation was used:$$\documentclass[12pt]{minimal}
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To calculate the association between mortality and each of the risk factors (IDA and receiving a RBC transfusion), the following equation was used, where *a*, *b*, *c,* and *d* relate to the number of patients for the population:$$\documentclass[12pt]{minimal}
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In addition, the average cost per patient and the average days in hospital were calculated for each subgroup (*a, b, c, d*) of patients, and subsequently used as key parameters to calculate the cost impact of implementing PAMs.

Estimating Size of Population with Undiagnosed IDA {#Sec11}
--------------------------------------------------

IDA can be challenging to diagnose, and it can often be asymptomatic in presentation without the presence of anaemia \[[@CR50]\]. Misconceptions about IDA and barriers to testing within healthcare practice mean that the number of patients diagnosed with preoperative IDA in the study sample was considered to be lower than the actual prevalence in the population.

To establish the proportion of patients who had undiagnosed preoperative IDA, a series of calculations were made according to evidence-based assumptions from the literature.It is known that 20--40% of patients having elective surgery have preoperative anaemia \[[@CR5]--[@CR7], [@CR10], [@CR23], [@CR51], [@CR52]\]; a figure of 30% was selected because this represents the median percentage in the range.Kassebaum et al. stated that 63% of preoperative anaemia cases are attributable to iron deficiency \[[@CR8]\], whereas other studies report that approximately 50% of anaemia cases are attributable to iron deficiency \[[@CR53], [@CR54]\]. In order to avoid overestimation, the more conservative figure of 50% was selected to be used in the population estimation calculations.Generally, more than 90% of patients with preoperative IDA are not treated for the condition \[[@CR55], [@CR56]\].

On the basis of these assumptions, an estimated 13.5% of patients undergoing elective surgery are thought to be undiagnosed and untreated for preoperative IDA; Fig. [1](#Fig1){ref-type="fig"} illustrates the calculation rationale.Fig. 1Footprint calculations used to estimate patients having elective surgery in 2015 who were undiagnosed/untreated for preoperative IDA. *IDA* iron-deficiency anaemia

This estimated figure was subsequently applied to the patient group who had not been diagnosed with IDA and had received one or more RBC transfusions. This was based on the rationale that this patient group, comprising those undiagnosed and untreated for preoperative IDA, is exposed to the greatest risks when undergoing elective surgery and receiving RBC transfusions.

Reallocation of Patients After Implementation of PAMs {#Sec12}
-----------------------------------------------------

The aim of this part of the model was to establish the reallocation of patients based on the understanding that a proportion of patients would no longer be considered to have IDA following treatment with PAMs; in effect, PAMs had resolved their IDA. To inform these calculations, the findings of Froessler et al. \[[@CR30]\] were taken into consideration; Froessler reported that 87.5% of a given population would no longer require a RBC transfusion after the implementation of PAMs. Figure [2](#Fig2){ref-type="fig"} illustrates the calculations used in the model to reallocate the population after implementing PAMs (step 2).Fig. 2Schematic representation of the potential redistribution of patients after the implementation of PAMs in the representative sample population of patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060). Source: RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]. ^a^The proportion of 13.5% is based on calculations shown in Fig. [1](#Fig1){ref-type="fig"}. ^b^The proportion of 87.5% is based on the findings of Froessler et al. \[[@CR30]\] *IDA* iron-deficiency anaemia, *PAMs* preoperative anaemia measures, *RBC* red blood cell concentrate

Estimating Impact of PAMs in Germany {#Sec13}
------------------------------------

The economic impact of the implementation of PAMs on the target population in Germany was estimated, via the health economic model, by the calculation of total hospital cost savings minus the PAM therapy costs attributable to the treated patients. The estimation of total hospital cost savings is derived from the following two sources:The new distribution of patients among the four groups according to risk factors. In short, the implementation of PAMs modifies the original distribution such that there is a relatively low number of the costliest patients---those with the two risk factors (IDA and RBC transfusion). The estimated average cost per patient for each group and the comparison of the distribution of patients between the two scenarios (i.e. before and after implementing PAMs) give rise to potential hospital cost savings.The estimated average number of days in hospital, for each one of the four groups of patients, and the comparison between the original and final distribution of patients yield the number of avoided hospital days after implementing PAMs. The translation of potentially avoided hospital days into cost savings is made by using the average cost of an elective surgery hospital stay in Germany.

### IDA Treatment Costs {#Sec14}

For direct treatment costs necessary to perform PAMs, i.e. to treat patients with IDA prior to elective surgery in such a way that they enter surgery without IDA risks, the costs shown in Table [1](#Tab1){ref-type="table"} can be assumed \[[@CR57], [@CR58]\].Table 1Costs of preoperative anaemia management per patient (€, 2016, 500 mg iron)DescriptionCost per patient in 2016 (€)ExplanationIron-deficiency anaemia therapy117.59Intravenous iron (Fe^3+^, Ferinject): dose 500 mg^a^Laboratory diagnostics Laboratory materials0.182 × S-Monovette (EDTA, serum) Laboratory profile standard33.81Blood count (differential), reticulocytes, creatininePersonnel costs Anaemia diagnostics14.70Anamnesis, blood test, result evaluation:Doctor = 12 minNurse = 5 min Anaemia therapy10.40Medication, monitoring:Doctor = 5 minNurse = 10 minTotal176.68Source: \[[@CR57], [@CR58]\]; own presentation*IV* intravenous, *PBM* patient blood management, *RBC* red blood cell concentrate^a^If, instead of a 500 mg IV iron dose, 1000 mg is used throughout, the global cost savings decrease by less than 1%. Further information on the relative treatment costs for RBC transfusions versus PBM can be found in Gombotz et al*.* \[[@CR56]\]

### Avoided Direct Hospital Costs {#Sec15}

The estimation of direct hospital costs was determined as follows: firstly, the average costs per patient, for each group of patients according to risk factors, were derived. These average costs were multiplied by the patient distributions of the two scenarios (i.e. before and after the implementation of PAMs) according to Fig. [2](#Fig2){ref-type="fig"}, resulting in a new cost structure. The cost savings were then calculated by comparing the total costs of the new scenario with the original total costs.

### Avoided Hospital Days and Additional Cost Savings {#Sec16}

The epidemiological impact of implementing PAMs was assessed via the PBM health economic model, by comparing the total number of hospital days before and after the implementation of PAMs. The average number of hospital days for the original population (allocation groups *a, b, c, d*) was derived from DRG-Statistic 2015. The new patient allocation based on the implementation of PAMs was then multiplied by this average number of hospital days to provide the projected total number of avoided hospital days for each of the four groups. The following table shows the average number of hospital days per person for each group before the implementation of PAMs, which was used to calculate the final results:

RBC transfusionNo RBC transfusionIDA(*a*) 27.83(*b*) 11.45No IDA(*c*) 23.63(*d*) 5.46

The total avoided hospital days was calculated using the following formula:

The translation of potentially avoided hospital days into cost savings is made by using the average cost of an elective surgery hospital stay in Germany. The average cost of a hospital stay for a patient having elective surgery in Germany in 2015 was €844 per day (RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]).

### Avoided Hospital Deaths {#Sec17}

The epidemiological impact of implementing PAMs was also assessed by comparing the total number of avoided hospital deaths before and after the implementation of PAMs.

The 4,591,060 elective patients were categorised in DRG-Statistic 2015 according to their reason for hospital discharge. The number of patients in each of the four groups (*a, b, c, d*) who were 'discharged due to death' was calculated, within groups, as a percentage of the total number of discharges for all reasons; this is known as the percentage mortality for each of the four groups. These percentages were then used to project the number of avoided deaths in the new allocation of patients based on the implementation of PAMs. The percentage mortalities used for each of the four groups are shown here:RBC transfusionNo RBC transfusionIDA(*a*) 10.31%(*b*) 0.77%No IDA(*c*) 9.79%(*d*) 0.40%Source: RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]

For calculation of the avoided hospital deaths, the following two formulas were used:

Formula 1:

Formula 2:

Univariate Sensitivity Analysis {#Sec18}
-------------------------------

Since some uncertainty remains regarding the parameters used to inform the evidence-based assumptions used in Fig. [1](#Fig1){ref-type="fig"} (to estimate the proportion of patients who had undiagnosed preoperative IDA), assumptions about the parameter bandwidths were set up in order to perform a univariate sensitivity analysis with regard to the final results of costs and hospital days.

In addition, a sensitivity analysis was conducted for the assumption used in Fig. [2](#Fig2){ref-type="fig"} to inform the calculation of reallocation of patients with IDA who no longer need a RBC transfusion after receiving PAMs.

The percentage mortality for each of the four groups (*a, b, c, d*) was then used to project the number of avoided deaths in the new allocation of patients based on the implementation of PAMs and based on the scenarios in the sensitivity analysis (minimum, base case, and maximum scenario).

Results {#Sec19}
=======

Total Population {#Sec20}
----------------

In total, 18.555 million patients were treated in German hospitals; of these, 4.591 million patients underwent elective surgery. The average cost of all patients was €3516 per patient and €5399 for the target population. The average hospital stay was 6.29 days for all patients and 6.40 days for the target population. A total of 3.151 million blood bags were given as RBC transfusion in 2015 (all patients). Of these, 1.026 million RBC blood bags were given to the target population. See Table [2](#Tab2){ref-type="table"} for full results for the 'all patients' and 'elective surgery' populations.Table 2Summary of the results for all patients and those undergoing elective surgery in Germany in 2015DescriptionAll patientsTarget population (elective surgery)Costs (€)65,247,251,00524,786,822,690Hospital days116,745,22029,370,510Patients (cases)18,555,2604,591,060 Of which: patients with iron deficiency anaemia (ICD D50.8, ICD D50.9)318,99029,170 Of which: patients iron deficiency (ICD E61.1)29,9103870 Of which: Patients with bleeding anaemia (ICD D50.0, ICD D62)756,090275,150Average costs (€)35165399Average hospital days6.296.40Patients with RBC transfusion822,810227,390RBC blood bags^a^3,150,8551,025,445Source: RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]*DRG* Diagnosis-Related Groups, *ICD* International Classification of Disease, *RBC* red blood cell concentrate^a^The number of RBC blood bags is simulated by OPS code 8--800.c, whereby the class mean is used to calculate the number of RBC blood bags

Target Population {#Sec21}
-----------------

A total of 4,591,060 patients who had undergone elective surgery during 2015 were identified in DRG-Statistic 2015 for inclusion in the study. Of these, 308,190 patients were identified as having a diagnosis of anaemia (ICD D50.0, D50.8, D50.9, D62, and E61.1). In addition, 227,390 patients (both IDA and non-IDA) aged between 0 and 99+ years who underwent elective surgery and had received a RBC transfusion as part of the procedure were identified from the database.

The target population of interest comprised two groups: (1) 29,170 patients (patients with IDA: ICD D50.8 and D50.9) who had undergone elective surgery and were diagnosed as preoperatively iron deficient, who had either received (24%) or not received (76%) a RBC transfusion during their elective surgery procedure (*a* + *b* in the original allocation); (2) the expanded target population within the health economic model, which consists of the identified, undiagnosed 29,714 patients with IDA for whom a PAM was hypothetically implemented (Fig. [2](#Fig2){ref-type="fig"}).

Estimation of Key Epidemiological and Economic Parameters Using Database Information {#Sec22}
------------------------------------------------------------------------------------

*Association Between IDA and Mortality:* If a patient with IDA underwent elective surgery, their risk of death was calculated to have been 3.6-times higher than that of a patient without IDA (RR 3.630; 95% CI 3.401, 3.874). Table [3](#Tab3){ref-type="table"} details the patient numbers and full RR and odds ratio (OR) results.Table 3Associations between IDA and mortality, RBC transfusion and mortality, and IDA and RBC transfusion in patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060)Risk factorOutcome, *n*Relative risk (95% CI)Odds ratio (95% CI)DeceasedNot deceasedAssociation between IDA and mortality IDA90028,3003.630 (3.401, 3.874)3.714 (3.473, 3.972) No IDA38,7604,526,300Association between RBC transfusion and mortality RBC transfusion22,270205,12024.593 (24.121, 25.075)27.155 (26.609, 27.713) No RBC transfusion17,3904,349,480Risk factorOutcome, *n*Relative risk (95% CI)Odds ratio (95% CI)RBC transfusionNo RBC transfusionAssociation between IDA and RBC transfusion IDA708022,0905.031 (4.928, 5.136)6.322 (6.153, 6.496) No IDA220,1004,341,790*CI* confidence interval, *IDA* iron-deficiency anaemia, *RBC* red blood cell concentrate

*Association Between RBC Transfusion and Mortality:* If a patient received a RBC transfusion during a hospital stay after elective surgery, the risk of death was 24.6-times higher than in a non-transfused patient (RR 24.593; 95% CI 24.121, 25.075) (Table [3](#Tab3){ref-type="table"}).

*Association Between IDA and RBC Transfusion:* If a patient with IDA underwent elective surgery, the risk of receiving a RBC transfusion was 5.0-times higher than that of a patient without IDA (RR 5.031; 95% CI 4.928, 5.136) (Table [3](#Tab3){ref-type="table"}).

*Average Cost per Patient:* The average cost of treatment was €7883 in patients with IDA (without RBC transfusion) compared with €4560 for a patient without IDA; this equates to a 173% higher cost for patients with IDA (Table [4](#Tab4){ref-type="table"}). The average cost of treating a patient with the two risk factors (IDA and RBC transfusion) was €21,744, compared with €4560 for a patient without either risk factor; this equates to a 477% higher cost for patients with both risk factors (Table [4](#Tab4){ref-type="table"}).Table 4Average cost and hospital days associated with treating patients undergoing elective surgery with or without IDA who either received or did not receive a RBC transfusion in Germany in 2015Risk factorOutcome, *n*RBC transfusionNo RBC transfusionAverage cost of treatment per patient (€) IDA21,7447883 No IDA21,1734560Average hospital days per patient group IDA27.8311.45 No IDA23.635.46*IDA* iron-deficiency anaemia, *RBC* red blood cell concentrate

*Average Number of Days in Hospital per Patient:* The average number of days in hospital for a patient with IDA (without RBC transfusion) was 11.45 days, compared with 5.46 days for a patient without risk factors (Table [4](#Tab4){ref-type="table"}). The average number of hospital days as an inpatient for an individual with IDA and RBC transfusion was 27.83 days, compared with 5.46 days for a patient without risk factors (507%) (Table [4](#Tab4){ref-type="table"}).

Obtaining New Allocation of Patients After Implementation of PAMs {#Sec23}
-----------------------------------------------------------------

The impact of implementing PAMs is shown in Fig. [2](#Fig2){ref-type="fig"} and the final figures are shown in Table [5](#Tab5){ref-type="table"}.Table 5Patient distribution before and after implementing PAMs in patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060)Risk factorOutcome, *n*TotalRBC transfusionNo RBC transfusionPatient distribution before implementing PAMs IDA(*a*) 7080(*b*) 22,09029,170 No IDA(*c*) 220,100(*d*) 4,341,7904,561,890 Total227,1804,363,8804,591,060Patient distribution after implementing PAMs IDA(*a*) 4599(*b*) 22,09026,689 No IDA(*c*) 190,387(*d*) 4,373,9844,564,371 Total194,9864,396,0744,591,060Difference after implementing PAMs IDA − 24810 − 2481 No IDA − 29,71332,1942481 Total − 32,19432,1940The variables*a*,*b*,*c*, and*d* were used in the calculation of relative risk of RBC transfusion*IDA* iron-deficiency anaemia, *PAMs* preoperative anaemia measures*, RBC* red blood cell concentrate

*Step 1* Using the estimation that 13.5% of patients are undiagnosed with IDA, in Table [5](#Tab5){ref-type="table"} 13.5% of the 220,100 patients who had received a RBC transfusion but were not treated for IDA would transfer to cell \'*a*\' as diagnosed with IDA; 29,714 patients were reallocated to the IDA population row and were added to the existing 7080 patients (total of 36,794 patients).

*Step 2* From the findings of Froessler et al. \[[@CR30]\], a value of 87.5% of the 36,794 patients was considered to be the population that would no longer require a RBC transfusion after the implementation of PAMs. Consequently, from cell '*a*' 32,194 patients were reallocated to cell '*d*' (Table [5](#Tab5){ref-type="table"}).

These estimations suggest that the implementation of PAMs would reduce the number of patients with IDA receiving a RBC transfusion to 4599, and the total number of patients receiving a RBC transfusion would reduce from 227,180 to 194,986 after the implementation of PAMs (Table [5](#Tab5){ref-type="table"}). The undiagnosed and allocated patients were included in these model results.

Economic Impact of Implementing PAMs in Germany {#Sec24}
-----------------------------------------------

As previously indicated, the estimation of potential hospital direct cost savings was derived from two sources (average cost per patient and average number of hospital days) and combined to give a total hospital cost saving of implementing PAMs.

### Estimation of Hospital Cost Savings Using Mean Cost per Patient {#Sec25}

The average costs per patient for elective surgery treatment both with and without a RBC transfusion in patients with and without IDA are shown in Table [6](#Tab6){ref-type="table"}; this also details the total hospital direct costs of treatment of patients with and without IDA before and after the implementation of PAMs. The total hospital costs for 2015 were €65,247 million \[[@CR59]\]. It was estimated that the implementation of PAMs in the German population studied would have resulted in an annual hospital direct cost saving of €536 million.Table 6Estimated economic impact of implementing PAMs in patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060) with and without IDAOutcome, *n*TotalRBC transfusionNo RBC transfusionAverage cost per patient (€) IDA21,7447883 No IDA21,1734560Total hospital direct cost before implementing PAMs (€) IDA153,947,520174,135,47024,786,822,690 No IDA4,660,177,30019,798,562,400Total hospital direct cost after implementing PAMs (€) IDA100,004,733174,135,47024,250,562,033 No IDA4,031,053,36519,945,368,465Total hospital direct cost savings of implementing PAMs (€) IDA53,942,7870536,260,658 No IDA629,123,936 − 146,806,065*IDA* iron-deficiency anaemia, *PAMs* preoperative anaemia measures, *RBC* red blood cell concentrate

### Estimation of Hospital Cost Savings Using Average Number of Hospital Days {#Sec26}

The average cost of a hospital stay for a patient having elective surgery in Germany in 2015 was €844 per day (RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]). The estimated number of annual hospital days for patients having elective surgery was projected to be reduced by 596,070 days after the implementation of PAMs (Table [7](#Tab7){ref-type="table"}). This equates to an estimated annual additional cost saving of €503 million for 2015 if PAMs had been implemented. These additional cost savings result from a lower utilization/occupancy rate of hospital beds. The cost savings from a lower occupancy rate can then be used to improve efficiency. There is no double counting of costs, as the avoidable direct hospital costs refer to reduced treatment costs (e.g. fewer complications) and the avoidable costs relate to reduced inpatient infrastructure use.Table 7Estimation of avoided hospital days by implementing PAMs in patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060)Outcome, *n*TotalRBC transfusionNo RBC transfusionTotal hospital days before implementing PAMs IDA197,330253,05029,370,510 No IDA5,205,69023,714,440Total hospital days after implementing PAMs IDA128,186253,05028,774,440 No IDA4,502,92223,890,282Total avoided hospital days as a consequence of implementing PAMs IDA69,1440596,070 No IDA702,768 − 175,842*IDA* iron-deficiency anaemia, *PAMs* preoperative anaemia measures, *RBC* red blood cell concentrate

### Estimation of Total Hospital Cost Savings of Implementing PAMs {#Sec27}

The aggregated impact on hospital cost savings accounts for €1039 million (€536 million + €503 million). It was estimated there were 58,884 undiagnosed and existing patients with IDA in the German population during 2015. The average cost per patient of IDA therapies in Germany during 2016 was €176.68 (with no differences in costs reported between 2015 and 2016, see Table [1](#Tab1){ref-type="table"}) \[[@CR57], [@CR58]\]. The annual cost of implementing PAMs in Germany was estimated to be €10.4 million. Therefore, the net hospital direct cost saving of implementing PAMs in Germany for 2015 would have been €1029 million. This accounts for approximately 1.58% of total hospital direct costs of the German healthcare system.

The annual cost of implementing PAMs in Germany is estimated to be €10.4 million, whereby 58,884 patients with IDA would receive IDA therapy preoperatively. If, instead of a 500 mg IV iron dose, 1000 mg was used throughout (see footnote to Table [1](#Tab1){ref-type="table"}), the cost would be €17.3 million.

Epidemiological Impact of Implementing PAMs in Germany {#Sec28}
------------------------------------------------------

On the basis of the new patient allocation after implementation of PAMs, it was projected that a total of 3036 hospital deaths would have been avoided if PAMs were implemented in Germany in 2015 (Table [8](#Tab8){ref-type="table"}).Table 8Estimation of avoided hospital deaths by implementing PAMs in patients in the Diagnosis-Related Groups Statistic for 2015 who had undergone elective surgery (*N* = 4,591,060)Outcome, *n*TotalRBC transfusionNo RBC transfusionTotal hospital deaths before implementing PAMs IDA73017039,640 No IDA21,54017,200Total hospital deaths after implementing PAMs IDA47417036,604 No IDA18,63217,328Total avoided hospital deaths as a consequence of implementing PAMs IDA25603036 No IDA2908 − 128*IDA* iron-deficiency anaemia, *PAMs* preoperative anaemia measures, *RBC* red blood cell concentrate

Univariate Sensitivity Analysis {#Sec29}
-------------------------------

### Estimation of Patients Undiagnosed/Untreated for Preoperative IDA {#Sec30}

A univariate sensitivity analysis was conducted to assess the robustness of the results regarding the evidence-based data used to inform the estimate of patients having elective surgery in 2015 who were undiagnosed/untreated for preoperative IDA. In order to be able to estimate the sensitivity, ranges were defined for the individual assumptions. The entry into and exit from the bandwidth are always 10% below and 10% above the known value, respectively. The following ranges were formulated for the three evidence-based assumptions used in Fig. [1](#Fig1){ref-type="fig"}:Range for assumption 1 \[0.10; 0.50\], step size \[0.05\]Range for assumption 2 \[0.40; 0.70\], step size \[0.05\]Range for assumption 3 \[0.80; 1.00\], step size \[0.05\]

If the lowest and highest values of the ranges of assumptions 1--3 are multiplied by each other (lowest range: 0.10 × 0.40 × 0.80; highest range: 0.50 × 0.70 × 1.00), a common range is obtained: \[0.032; 0.350\]. The following values are assumed for the univariate sensitivity analysis for calculation: \[0.032; 0.135; 0.350\].

For these parameter values, results were then derived from the new distribution of patients after the implementation of PAMs. This means that the patient numbers were recalculated with the values 0.032--0.350. According to the patient redistribution model, the patients with undiagnosed IDA were redistributed from population '*c*' to population '*a*'. The results are presented in Table [9](#Tab9){ref-type="table"}.Table 9Univariate sensitivity analysis for the minimum, base case and maximum scenarios regarding the costs of implementing PAMs in GermanyParameter^1^*abcd*Original data scenario708022,090220,1004,341,790Parameter^1^*abcd*Patients reallocated from cell *c* to *a*Estimation of number of patients undiagnosed/untreated for preoperative IDA^2^ Minimum scenario 0.03214,12322,090213,0574,341,7907043 Base case scenario 0.13536,79422,090190,3874,341,79029,714 Maximum scenario 0.35084,11522,090143,0654,341,79077,035Parameter^1^*abcd*Patients reallocated from cell *a* to *d*Estimation of reallocation of patients with IDA who no longer need RBC transfusion after receiving PAMs^3^ Minimum scenario 0.80282522,090213,0574,353,08911,299 Base case scenario 0.875459922,090190,3874,373,98432,194 Maximum scenario 0.95420622,090143,0654,421,69979,909*IDA* iron-deficiency anaemia,*PAMs* preoperative anaemia measures,*RBC* red blood cell concentrate^1^*a*---IDA + RBC transfusion;*b*---IDA + no RBC transfusion;*c*---no IDA + RBC transfusion;*d*---no IDA + no RBC transfusion^2^Assumptions: (1) it is known that 20--40% of patients having elective surgery have preoperative anaemia \[[@CR5]--[@CR7], [@CR10], [@CR23], [@CR51], [@CR52]\]; a figure of 30% was selected because this represents the median percentage in the range. (2) Kassebaum et al. stated that 63% of preoperative anaemia cases are attributable to iron deficiency \[[@CR8]\], whereas other studies report that approximately 50% of anaemia cases are attributable to iron deficiency \[[@CR53], [@CR54]\]. In order to avoid overestimation, the more conservative figure of 50% was selected to be used in the population estimation calculations. (3) Generally, more than 90% of patients with preoperative IDA are not treated for the condition \[[@CR55]\]^3^Assumption: From the findings of Froessler et al. \[[@CR30]\], a base case scenario value of 87.5% in the range \[80.0%; 95.0%\] was considered to be the population that would no longer require a RBC transfusion after the implementation of PAMs. Consequently, 87.5% of patients from cell 'a' were reallocated to cell 'd', because it was assumed their IDA had been resolved by receiving treatment with PAMs

### Estimation of Reallocation of Patients with IDA Who No Longer Need RBC Transfusion After Receiving PAMs {#Sec31}

A sensitivity analysis was also conducted on the data supporting the assumption used to estimate the reallocation of patients with IDA who no longer need a RBC transfusion after receiving PAMs (Fig. [2](#Fig2){ref-type="fig"}). The following range was formulated for this:Range for assumption used in Fig. [2](#Fig2){ref-type="fig"} \[0.80; 0.95\], step size \[0.05\]

The following values are assumed for the univariate sensitivity analysis: \[0.80; 0.85; 0.875; 0.90; 0.95\]. The minimum scenario (0.80), the base case scenario (0.875), and the maximum scenario (0.95) were determined. The results for these three scenarios are presented in Table [9](#Tab9){ref-type="table"}.

The results of the sensitivity analysis (minimum, base case, and maximum scenario) for IDA treatment costs, avoidable direct hospital costs, avoidable hospital days (additional cost savings), total cost savings, and total cost savings as a percentage of the total national hospital budget for Germany are presented in Table [10](#Tab10){ref-type="table"}.Table 10Results of the univariate sensitivity analysis for the minimum, base case, and maximum scenario regarding the estimated costs of implementing PAMs in Germany, the direct hospital costs avoided, the cost of hospital days avoided, total cost savings, and what percentage of the total hospital direct costs of the German healthcare system could have potentially been saved on the implementation of PAMs in Germany in 2015Costs (2015, €)Costs of implementing PAMs in GermanyAvoided direct hospital costs (% reduction for target population)Costs of avoidable hospital days (additional cost savings)Total net cost savings^a^ % net savings (all patients)^b^ % net savings (target population)Minimum scenario 0.0326,398,148190,132,788 (− 0.77%)188,611,688372,346,3280.5711.502Base case scenario 0.13510,403,537536,260,658 (− 2.16%)503,082,9071,028,940,0281.5774.151Maximum scenario 0.35018,764,2991,329,173,567 (− 5.36%)1,237,003,8912,547,413,1593.90410.277Source: RDC of the Federal Statistical Offices of the Länder, DRG-Statistic 2015; own calculations \[[@CR44]\]*DRG* Diagnosis-Related Groups,*PAMs* preoperative anaemia measures^a^Net savings as a percentage of the total hospital direct costs of the German healthcare system (all patients): €65,247,251,005^b^Net savings as a percentage of the total hospital direct costs of the German healthcare system (target population \[elective surgery\]): €24,786,822,690

### Avoidable Deaths Following Implementation of PAMs {#Sec32}

A sensitivity analysis was conducted to establish the minimum, base case, and maximum scenario for the number of deaths which could have potentially been avoided if PAMs had been implemented in Germany in 2015. As described earlier, the following ranges were formulated for this:Range for assumption used in Fig. [1](#Fig1){ref-type="fig"} \[0.032; 0.350\]Range for assumption used in Fig. [2](#Fig2){ref-type="fig"} \[0.80; 0.95\]

The minimum scenario (0.032 and 0.80), the base case scenario (0.135 and 0.875), and the maximum scenario (0.350 and 0.95) were determined. The percentage mortality for each of the groups was then used to project the number of avoided deaths in the new allocation of patients based on the implementation of PAMs. In the minimum scenario, 1083 deaths were avoidable, in the base case scenario the number of avoidable deaths was 3036, and in the maximum scenario it is estimated that 7518 lives could have been saved with the implementation of PAMs.

Discussion {#Sec33}
==========

This study demonstrates the epidemiological impact and economic costs to the German healthcare system of untreated preoperative IDA for patients undergoing elective surgery. Preoperative IDA is known to be associated with a range of risk factors, including increased likelihood of receiving a RBC transfusion \[[@CR4], [@CR20]\]. Calculations based on representative hospital data suggest that a patient with IDA had a five-times higher risk of receiving a RBC transfusion during elective surgery than a patient without IDA. In addition, preoperative IDA and receiving a RBC transfusion were both associated with increased mortality and hospital costs.

The knowledge of the risks associated with preoperative IDA led to the exploration of PBM, and specifically PAMs, as a clinical approach to the management of preoperative anaemia in patients having elective surgery. To our knowledge, this is the first study to carry out a comprehensive model-based secondary data analysis with representative hospital data (DRGs) for an entire country to demonstrate the beneficial impact of the implementation of PAMs for patients with preoperative IDA, both in routine clinical practice and at a wider healthcare system level. It should be noted that the study by Froessler et al. \[[@CR30]\] already shows similar positive effects; however, that randomized clinical trial was based on a far smaller cohort and without specific DRGs.

The cost modelling used in this study shows that, for the population studied, the implementation of PAMs would help to ameliorate the impact of IDA for patients undergoing elective surgery. The positive benefits were most marked for the patient population with IDA and receiving a RBC transfusion, likely because these patients face the full array of heightened risks associated with both preoperative IDA and RBC transfusion. Because this population is the costliest to treat, the associated healthcare represents a substantial burden to the healthcare system; therefore, the introduction of a clinical management approach that would reduce this burden offers benefits to both the healthcare system and the patient. Other PBM measures to reduce patient risk, such as avoiding unnecessary blood loss during and after surgery and an economical RBC transfusion regimen, were not modelled when quantifying the cost savings. However, it is anticipated that the additional cost and benefit effects that could be achieved with those measures would be similarly impactful.

The results of this analysis demonstrate that the overall cost saving for the German healthcare system would be significant after the implementation of PAMs for patients undergoing elective surgery. For 2015, it was calculated that a net cost saving of €1029 million could have been made; equivalent to almost 1.58% of the total national hospital budget for Germany. This is the base case scenario; results of the sensitivity analysis suggest that when a maximum scenario is considered the saving could be as much as €2547 million (3.90% of hospital budget). The net cost saving includes lower direct and indirect costs. Lower direct costs from complication-free patient care result in lower direct treatment costs, such as lower personnel costs and less material used, e.g. RBC blood bags. Additional cost savings through saved treatment days and hospital capacity result in a reduction of the bed occupancy rate. This leads to a reallocation of hospital beds; fewer hospital beds can relieve burdens on health insurance funds and hospital staffing. It could therefore be considered that the implementation of PBM could provide reduced hospital direct treatment and indirect costs, while at the same time improving patient care. The analysis shows that direct and indirect cost savings are somewhat balanced (direct cost saving of €536 million, indirect cost saving of €503 million).

The findings of this study support the adoption of the best practice guidelines published by Munoz et al. \[[@CR4]\]. These statements include a diagnostic approach for anaemia and iron deficiency in surgical patients; identification of patients appropriate for treatment; and advice on practical management and follow-up. When other specific population-based studies in the literature are considered, the findings from this study are in alignment. Calvet et al. conducted a study of 282 patients with colorectal cancer and anaemia, in which the cost impacts of three iron replacement strategies for reducing the use of RBC transfusion were assessed using cost-minimisation analyses. Intravenous ferric carboxymaltose therapy reduced hospital stay by 2.3 days compared with iron sucrose and by 2.6 days compared with oral iron therapy, resulting in cost savings of €485 and €274 per patient, respectively \[[@CR60]\]. In a comparative cost assessment of intravenous iron supplementation options (including blood transfusion) to the healthcare economy in the UK, it was concluded that blood, as a source of iron, is expensive and is the least attractive option from a cost perspective \[[@CR61]\]. Moreover, in a recent assessment of the cost benefits of PAMs in a German population, Froessler et al. reported that perioperative administration of PAMs resulted in hospital cost savings (€786 per case) based on reduced blood transfusions and length of stay after elective abdominal surgery \[[@CR62]\].

There are, however, some potential limitations to this study. First, it should be noted that the ICD coding of IDA is not optimised throughout the entire healthcare provision, starting in the doctor\'s surgery, and continuing in the hospital. In Germany, this is partly because laboratory tests for IDA are state-regulated in terms of quantity and price, and consequently a service provider may be exposed to negative economic incentives when conducting these tests. This is likely to lead to an underreporting of IDA in clinical practice and an observed event rate for IDA that is lower than that previously reported in the literature. In this study, the data are derived from a single country population; however, because the German healthcare system shares many commonalities with healthcare systems of other developed nations, the findings could be considered relevant beyond Germany. The results presented relate to the German healthcare system in 2015; more up-to-date data sets are now available, and it is conceivable that the existing analysis could also be applied to the German DRG Statistics 2016 and DRG Statistics 2017 to explore whether comparable results can be generated. The development of the model was based on a series of evidence-based assumptions derived from the literature; because these numerical assumptions were based on previous studies and somewhat limited data, it is possible that this could introduce a risk of inaccuracy in the subsequent calculations. In order to limit this risk, a univariate sensitivity analysis was conducted. With regard to confounding, on the basis of the data and analysis structure used, we were only able to depict any confounding, if there was any, through the selection of subgroups and grouping logics, but not through regression analyses or similar. Future analyses could incorporate this. It would be possible to carry out further analysis of the data set by age group; however, this was not conducted as such a reduction in the number of patients per group would result in an undesirable increase in the coefficients of variation.

It is a strength of our study that data were derived from a comprehensive and detailed large database including elective surgery of all types, in patients of all ages. In addition, all numerical assumptions that formed the basis of the model were averaged and generally considered conservative (e.g. in the calculation, 30% was selected as the proportion of preoperative patients with anaemia, whereas the range from the literature in fact spanned 20--40%), suggesting that the impact of implementing PAMs could in fact be much greater than that reported here. Sensitivity analysis allowed the range of impact of PAMs to be examined in more detail; this showed that the influence of an implementation of PAMs could be smaller, but also significantly larger than the base case suggests.

This large database analysis has shown that the implementation of PAMs for patients of all ages undergoing elective surgery would provide a host of benefits in terms of health economics, epidemiology, and favourable patient outcomes. It is hoped that these results will inform recommendations in the future on the management of patients having elective surgery.

Conclusions {#Sec34}
===========

The model developed in this analysis provides a simple method for calculating the impact of addressing IDA for preoperative patients undergoing elective surgery and illustrates the epidemiological and economic potential for implementing PAMs in a large population.

The impact estimates can be assessed at both patient and healthcare system levels. The model estimates show that a significant number of deaths, hospital treatments, and costly hospital days could have been avoided by the implementation of PAMs in Germany. On the basis of the calculations in this study for 2015, the potential cost savings of implementing PAMs were substantial, accounting for approximately 1.58% of the total annual hospital costs in Germany. The model described here could readily be adapted to other healthcare systems. Not only would the implementation of PAMs offer economic benefits at a national healthcare level, but the real health benefits to patients of reduced risk of receiving a blood transfusion are also evident.
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